We study a warped extra-dimension scenario where the Standard Model fields lie in the bulk, with the addition of a fourth family of fermions. We concentrate on the flavor structure of the Higgs couplings with fermions in the flavor anarchy ansatz. Even without a fourth family, these couplings will be generically misaligned with respect to the SM fermion mass matrices. The presence of the fourth family typically enhances the misalignment effects and we show that one should expect them to be highly non-symmetrical in the (34) inter-generational mixing. The radiative corrections from the new fermions and their flavor violating couplings to the Higgs affect negligibly known experimental precision measurements such as the oblique parameters and Z → bb or Z → µ + µ − .
I. INTRODUCTION
The Standard Model (SM) of particle physics has been remarkably successful in explaining a wide range of low-energy phenomena and has passed numerous experimental tests over the past few decades. The only ingredient of this model that has yet to be discovered is the Higgs boson. If the Higgs is discovered at the LHC, the problem of its mass, which should receive quadratic corrections sensitive to scales well above the electroweak scale (the hierarchy problem) still remains. Warped extra dimensional models were introduced by Randall and Sundrum (RS) [1] as an attempt to resolve this problem, by using the extra-dimensional space-time warp factor to lower the natural scale of particle masses. In the original model, all SM fields were localized on the TeV brane, one could in principle generate higher dimensional flavor violating operators, suppressed by only TeV operators-a serious problem for phenomenology. To address this issue one could invoke for example flavor symmetries [2] but the most popular venue has been to allow fermions to propagate in the bulk, which not only reduced the flavor problem, but provided a compelling theory of flavor, in which hierarchies among fermion masses and mixings arise naturally [3, 4] . This model sheds light on the flavor puzzle as well: the 5D Yukawa couplings are all O(1) and with no definite flavor structure, and the fermion masses and mixing angles depend on the amount of mixing of the elementary fermions with the strongly coupled conformal field theory, assumed to be small for the first two generations [4] . This implies that flavor violation in the SM is also suppressed by the same mixing factors -the phenomenon that goes under the name of the RS-GIM mechanism [5] . However, in this case constraints from the ∆S = 2 and ∆B = 1 processes still require the scale of new physics (the KK scale) to be around ∼ 5 TeV [6, 7] , raising difficulties with observation of this minimal scenario directly at the LHC.
On the flavor side, recently, some possible deviations from the SM in B meson [8, 9] and t quark physics [10] have been reported, indicating perhaps difficulties with the standard Cabibbo-Kobayashi-Maskawa (CKM) paradigm for quark mixing [11] . The effects in B physics can be explained by various Beyond the Standard Model (BSM) scenarios, though the simplest explanation seems to come from a simple extension of the Standard Model to four generations, that is, by adding two new heavy quarks, a heavy charge +2/3 quark (t ) and charge −1/3 quark (b ). In more extensive versions of the model, the effects of introducing extra leptons (τ and ν τ ), needed for anomaly cancellation, are also studied.
The addition of a fourth sequential generation of fermion doublets is a natural extension of the SM (SM4). The model restricts fourth-generation quark masses to be not too large to preserve perturbativity [12] . Recently, SM4 have increased in popularity as it was shown that the introduction of a fourth generation does not conflict with electroweak precision observables [13] , as long as their mass differences are small [14] . Fourth generation fermions are required to have masses greater than half the mass of the Z 0 boson to evade LEP limits on the invisible Z 0 boson width. There are many advantages of introducing an extra family of fermions:
• These new fermions may trigger dynamical electroweak symmetry breaking [12] without a Higgs boson, and thus address the hierarchy problem.
• A fourth generation softens the current low Higgs mass bounds from electroweak precision observables by allowing considerably higher values for the Higgs mass [15] .
• Gauge couplings can in principle be unified without invoking SUSY [16] .
• A new family might cure certain problems in flavor physics, such as the CP-violation in B s -mixing [17] .
• A fourth generation might solve problems related to baryogenesis, as an additional quark doublet could lead to a sizable increase of the measure of CP-violation [18] .
• Such an extension of the SM would increase the strength of the phase transition [19] .
• It appears that an even number of fermion generations is more natural from the string theory point of view [20] .
New heavy fermions lead to new interesting effects due to their large Yukawa couplings [21] .
Recent searches by the CDF Collaboration for direct production of the fourth generation quarks, called t and b , set the limits m t > 335 GeV [22] and m b > 385 GeV [23] , assuming Br(t → W q(q = d, s, b)) = 100% and Br(b → W t) = 100% respectively. For the leptons m τ > 100. 8 GeV, m ν τ > 90.3 GeV (Dirac type), m ν τ > 80.5 GeV (Majorana type) [24] .
The limits on the low energy phenomenology due to fourth generation fermions has been studied extensively [25, 26] .
While there have been many extensive studies of the SM4, there are few analyzes of BSM scenarios with four generations (see however [27] ). The reason is that the fourth generation typically imposes severe restrictions on the models. In particular, there are difficulties in incorporating a chiral fourth family scenario into any Higgs doublet model, such as the MSSM [28] . It was initially shown that due to the large masses for the fourth generation quarks and large Yukawa couplings, there are no values of tan β = v u v d > 1 for which the couplings are perturbative to the Grand Unification Scale. (However, this condition does not apply to vector-like quarks [29] .) Recently the MSSM with four generations has received some more attention [30] , as it was shown that for tan β 1 the model exhibits a strong first order phase transition [31] .
But the four generation scenario can easily be incorporated in models with warped extra dimensions, as in [32] , where it can be argued that the fourth generation arises naturally.
In these models the Higgs particle can be thought of as a generic composite state, and even being a condensate of some of the fourth generation heavy quarks [32, 33] , thus providing a solution to the (little) hierarchy problem.
An additional benefit of the extension of a fourth generation in warped models, could be the inclusion of the fourth generation neutrino, which may become a novel dark matter candidate [34] , typically missing in minimal models (see however [35] for different approaches).
As mentioned earlier, KK particles could be just barely beyond the reach of the LHC. Nevertheless there are implications of the warped scenarios that could leave an imprint on lower energy physics. For instance, recently it was pointed out that warped extra-dimensional models introduce new flavor-violating operators in the Higgs sector. In a composite Higgs sector with strong dynamics, flavor changing neutral currents (FCNC) can arise at tree level, generated by a misalignment between the Higgs Yukawa matrices and the fermion mass matrices [36] [37] [38] . The full set of operators responsible for the misalignment has been thoroughly analyzed, showing that the effect is generically large and phenomenologically important [38] and even could alter considerably the couplings of Higgs to gluons [39, 40] , affecting thus the main production mechanism of the Higgs at hadron colliders.
These flavor violating effects will be even more pronounced if the matter sector is extended by extra fermionic generations. And for the Higgs bosons, it is well known that the effects of a fourth generation are quite spectacular in modifying the Higgs boson cross-section at hadron colliders, which can be tested easily with Tevatron and early LHC data within this or the next year. The Tevatron has published limits on the Higgs boson cross-section in the fourth generation model, excluding a wide range of Higgs boson masses [41] , and recently the CMS collaboration carried out a similar study [42] .
As Higgs production can be modified within warped scenarios due to flavor violating effects in the Higgs sector [40] , it may be possible to distinguish signals coming from a fourth generation model within the SM (SM4) with those coming from a fourth generation model associated with a warped extra-dimension (or a composite scenario), and, given the searches for the Higgs boson underway at the LHC, such an analysis is timely. The inclusion of the fourth generation will also affect low-energy precision observables, as well as limits on rare decays. In the lines of [38] , we propose to explore here the effect of FCNC Higgs couplings with a fourth generation in a simple warped extra dimensional model. 
II. THE MODEL
For simplicity, we consider the simplest 5D warped extension of the SM, in which we keep the SM local gauge groups and just extend the space-time by one warped extra dimension.
There are bounds on the KK scale coming from precision electroweak observables [43] which can be addressed by extending the gauge group in order to obtain additional protection.
Nevertheless the effects we are interested in lie in a different sector of the scenario, namely the Higgs sector, and its couplings with fermions. Our results can easily be extended to more involved scenarios, but we feel it is best to show explicitly the effects in the simplest scenario.
Moreover precision electroweak constraints can become milder with a heavier Higgs [44] and perhaps even if the KK scale is barely beyond LHC reach, one can observe its indirect effects in the Higgs sector.
The spacetime we consider takes the usual Randall-Sundrum form [1] :
with the UV (IR) branes localized at z = R (z = R ). We first focus on a single family of down-type quarks Q, D. They contain the 4D SM SU (2) L doublet and singlet fermions respectively with a 5D action
where c q and c d are the 5D fermion mass coefficients. We also consider a brane localized Higgs, and so the Yukawa couplings in the Lagrangian are included in the action
To obtain a chiral spectrum, we choose the following boundary conditions for Q, D
Then, only Q L and D R will have zero modes, with wavefunctions: where we have defined f (c) ≡ 
where
Yukawa coupling, and we ignored O(1)
factors in the equations above. The SM fermions are mostly zero mode fermions with some small amount of mixing with KK mode fermions. Therefore, we can use the mass insertion approximation to calculate the corrections to the masses and Yukawa couplings of SM fermions. This is shown in Fig. 1 , where q L , d R are zero modes of SU (2) L doublet and singlet fermions respectively and 
We see that the SM fermion masses and the 4D Yukawa couplings are not universally proportional; indeed there is a shift with respect to the SM prediction of m 
Note the presence of the independent couplings Y 5D 2 which are not necessary for generating fermion masses. It is technically possible to set their values as small as necessary and suppress the misalignment. Nevertheless this seems to go against the main philosophy of our approach which assumes that the value of all dimensionless 5D parameters is of order one. Moreover in the case where the Higgs is a bulk scalar field we have Y 1 = Y 2 , which is the simplifying assumption we will make for our numerical computations.
There is another contribution to the misalignment which can be also calculated and is given by [38] 
with
One can see that ∆ 
III. FLAVOR STRUCTURE WITH FOUR FAMILIES
We now proceed to add to the scenario the remaining families of quarks and leptons, including a new fourth generation. This will of course create a richer structure of flavor, not only in the Higgs sector, but in the electroweak sector, where the flavor changing charged current mediated by W bosons will now contain new vertices with the addition of t and b .
The fermion wavefunctions evaluated at the TeV brane (f (c)) are now promoted to di-
Small differences in the c s will The mass matrices are
where F Q , F u and F d are 4 × 4 diagonal matrices whose entries are given by the values at the IR brane of the corresponding zero-mode wave functions:
The matrices Y u and Y d are the 5-dimensional Yukawa couplings, i.e. general 4 × 4 complex matrices. Because most of the entries in the diagonal matrices F q are naturally hierarchical (for UV-localized fermions), the physical fermion mass matrices m u and m d will inherit their hierarchical structure independently of the nature of the true 5D Yukawa couplings Y u and Y d , which can therefore contain all of its entries with similar size (of order 1) and have no definite flavor structure. This is the main idea behind scenarios of so-called flavor anarchy, which we consider also here, but applied to a four-family scenario. The introduction of the fourth family is simply realized by assuming that the new fermions are localized near the TeV brane, like the top quark, and therefore will be naturally heavy. Mixing angles should typically be small except among the heavy fermions where large mixings could be possible.
To diagonalize the mass matrices we use
One can in fact obtain a relatively simple formulation of the rotation matrices U Qu , U Keeping only the leading terms, we obtain (see [44] for the three family case):
where, in particular, we have
where we used properties of the minors. These are needed to compute the V CKM elements V cb and V ub . Due to the mass hierarchy m b m b , we also have the simple expansions:
Since
we can find expressions for V us , V cb and V ub :
and
It is clear that if the 5D Yukawa matrix elements are all of order 1, then the observed hierarchies among the CKM elements can still be explained by hierarchies among the f i parameters. The explicit dependence on the 5D Yukawa couplings gives a more precise prediction for the mixing angles, which will be quite useful when looking for phenomenologically viable points in parameter space. The results of such a scan are presented in the next subsection.
B. Tree level Higgs FCNC couplings
We now extend the one-family results presented in section II to the case of four generations. To leading order in Yukawa couplings, the SM fermion mass matrix iŝ
whereˆmeans a 4 × 4 matrix in flavor space. The misalignment in flavor space between the fermion mass matrix and the Yukawa coupling matrix is defined aŝ Similarly to the one family case, the misalignment can be separated into two components,
The crucial observation is thatm d and∆ d are generally not aligned in flavor space.
Thus when we diagonalize the quark mass matrix with a bi-unitary transformationm
the Yukawa couplings will not be diagonal. To be more specific, in models of flavor anarchy, we have
Then the off-diagonal Yukawa coupling will be dominated bŷ
whereȲ is the typical value of the dimensionless 5D Yukawa coupling.
Since the Higgs couplings will now contain off-diagonal entries, we must choose a convenient parametrization for them. A common choice is to normalize the couplings with the fermion masses and write the Higgs Yukawa couplings as
Analytical estimates of Higgs FCNC couplings in Flavor Anarchy
In this section, following the same procedure as in [38] , we estimate the off-diagonal couplings of Higgs boson to SM fermions and then we do a numerical scan over anarchical Yukawa couplings to support our estimates.
We use Eqs. (33) and (34) to estimate the sizes of a u,d
ij . For example, we have
where λ ≈ 0.22 is the Wolfenstein parameter, and we used f
We can find the other a
ij in similar fashion. We obtain:
The effect clearly decouples since it depends on R 2 ∼ 
Note that the results presented here are just estimates for the size of a
ij , which come without sign or phases. However, we observe that for the third and fourth generation quarks, the corrections to the diagonal Yukawa couplings are always negative (suppressions) if Y 1 = Y 2 and are larger than the previous estimates. This point was argued in [38] and we address it again the next subsection for completeness.
An interesting feature of these matrices is the asymmetry of a This asymmetry will be typical to the (34 − 43) entries and thus non-universal. We expect the same feature in the charged lepton mass matrix.
Numerical results for Higgs FCNC couplings
In order to obtain a better prediction of the typical size of the off-diagonal Yukawa couplings, and to compare with the previous estimates we perform a scan in parameter space. The results should be in general consistent with the rough estimates of Eqs. (39) and (40) . Some differences observed can nevertheless be explained, (see also [38] ) so that one can still be confident in the generic size of the flavor violating couplings predicted in the flavor anarchy paradigm in RS type scenarios with four generations.
We proceed as follows:
• We fix m t = 400 GeV and m b = 350 GeV as well as SM quark masses at the KK scale, taken to be m t = 140 GeV, m b = 2.2 GeV, m c = 0.55 GeV, m s = 5 × 10 −2 GeV,
GeV. We take the KK scale as R −1 = 1500
GeV.
• Then we generate random complex entries for Y u and
We also generate random f Q 4 such that f Q 4 ∼ O(1).
• We then obtain (26), (27) and (28)).
• We then obtain the right-handed down quark entries f d 4 from m b .
• Similarly for the up right-handed matrix entries, we obtain f
We also obtain f u 3 and f u 4 from m t and m t .
• Finally we check that the generated Y u and Y d along with the obtainedF q ,F u and F d do indeed produce the observed masses and mixings of the SM. If so we keep the point in parameter space and continue until we obtain 1000 points which satisfy all constraints.
• For each acceptable point, we use Eqs. (31) and (32) to compute the flavor violating Higgs Yukawa couplings, parametrized by the a ij 's as defined in Eq. (35) .
We present the results of the scan as follows: we give the 25% quantile and the 75% quantile of the obtained couplings. This means that 50% of our acceptable points contain a coupling in between the quoted values. Also it means that 25% of the generated points predict higher values than the range quoted, while 25% of the points predict lower values than the range quoted.
We find the following ranges for a 
to be compared with the rough estimates Eqs. (39) and (40).
Cumulative effect on diagonal Yukawa couplings when
We observe that the rough estimates are slightly smaller than the results of the scan, specially for the third and fourth generation couplings. This was already pointed out in [38] for the three generation case. The argument given is that due to the presence of a fourth generation some of the coefficients will be different and typically the cumulative effect will be larger.
We assume that Y 1 = Y 2 2 and consider for example the element (33) of the Yukawa coupling in the up quark sector, i.e.
First let's look at the contribution to a tt when the j index is equal to 3 (i.e. in the middle mass matrix m diag u is m t ). In this case, there will be 16 terms in phase, each proportional to
, and it is important to realize that every one of them will be real and negative, so from a statistical argument, a tt − 1 should receive a negative contribution ∼ −16
. This cumulative effect is confirmed by the numerical scan.
One can perform the same analysis for the rest of elements of the Yukawa matrix, including the off diagonal ones, and realize that typically there are a number of aligned terms in each case which enhances the naive estimate by an O(1) factor (which can be estimated also). This fact gives us confidence that both our scan and our estimates are consistent and that our numerical results predict correctly in this scenario the generic size of the flavor violating couplings in the Higgs sector.
Higgs FCNC couplings in the lepton sector
We proceed in a similar fashion to evaluate Higgs flavor violation in the lepton sector.
The difficulty with the lepton sector is that mixing matrices are not well-established here.
The neutrinos can be either Dirac or Majorana, the charged lepton mixing matrix (PMNS)
is not as well established as the CKM matrix, and there are several mechanisms to explain the large mixing angles and light masses for the neutrinos (see for example [46, 47] ). For all cases, the Lagrangian can then be parametrized as:
Following [38, 47] , we analyze two types of scenarios. Depending on the neutrino model, the left-handed charged lepton profiles can be either hierarchical and UV localized, or similar and UV localized. The profiles of the right-handed charged leptons are always hierarchical and localized near the UV brane. We outline both cases below.
• (A) In the case where the left-handed and right-handed profiles are hierarchical, they satisfy the following relations:
where f L,e are profiles of the left-handed and right-handed fields and (O L,e ) i,j is the intergenerational mixing. Then the a l ij become:
This a l ij are maximal when
, i.e., when the hierarchy of charged lepton masses gets equal contributions from the left-handed and right-handed fields.
• (B) If right-handed profiles are hierarchical and left-handed profiles are similar,
L , the profiles satisfy the following relations:
and the the parameter a l ij becomes: We can write the couplings of fermions with Z 0 as:
couplings with g the SU (2) L coupling constant, and Q and T 3 the charge and the isospin of the quark in question. The corrections coming from the kinetic term misalignment are, for the down quarks,δ
wherem d is the fermion mass matrix before diagonalization, R −1 is the KK scale andK is a diagonal matrix whose entries K(c) were defined in Eq. (14) . Upon diagonalization of the fermion mass matrix in order to go to the physical basis, these corrections will not be diagonal and will produce flavor violating coupling for the Z 0 boson. The same mechanism applies in the up-sector.
Once in the physical basis, we can parametrize the off-diagonal quark couplings in the
, with
The 
To obtain these values we followed the same procedure explained previously in the subsection "Numerical results for Higgs FCNC couplings". heavy quarks in the loop, and strong off-diagonal Yukawa couplings.
Tree-level processes
The ∆F = 2 process can be described by the general Hamiltonian [25, 48] 
where α, β are color indices. The operatorsQ a are obtained from Q a by exchange L ↔ R.
Exchange of the flavor-violating Higgs bosons gives rise to new contribution to C 2 ,C 2 and C 4 operators [49] . These contributions have been included in [38] , and the basic bounds on the coefficients are not altered. We present them here, for completeness, in a more general fashion, with no relation to the possible numerical values of the entries in the Higgs Yukawa mass matrix. We use the model-independent bounds on BSM contributions as in [25] , and present coupled constraints on the Higgs flavor violating Yukawa couplings parametrized by the a ij couplings and the Higgs mass m h .
•
The coefficients C 2 ,C 2 and C 4 will set limits on the real and imaginary of the Yukawa
, and their product. Specifically, for the values of parameters used in the previous sections, we obtain, from ∆M K , respectively:
The bounds obtained from K are very stringent, and restrict the phases of the offdiagonal Higgs Yukawa couplings:
Im(a these bounds may not appear useful; however, one must note that the matrix entries a ij are not otherwise constrained (e.g., by unitarity).
With the exception of K , these bounds are not too restrictive over the estimated size of the flavor violating couplings of the Higgs as our numerical evaluation show, even for lighter
In what follows, we compare the tree-level bounds with precision bounds coming from loop-generated processes including a heavy fermion in the loop.
One-loop processes
We evaluate flavor-violating radiative type processes of the form q i → q j γ, and l i → l j γ as well as Z → bb and Z → τ + τ − . Though occurring at one-loop level, these processes are tightly constrained experimentally. For a recent calculation of these warped penguin diagrams due to radiative exchanges of heavy KK states see [50] . In our scenario each process receives additionally non-universal contributions from the fourth generation quarks or leptons and Higgs bosons running in the loop.
The contribution is enhanced for couplings with the third generation, as the FCNC couplings are larger. The basic process is illustrated in Fig. 3 , where F represent fourth generation quarks or leptons, f i , f j , second or third generation quarks or leptons, and h is the Higgs boson . For instance, for b → sγ, F = b , f i = b and f j = s quarks, while for
We analyze each process in detail.
• b → sγ induced by Higgs FCNC couplings.
The decay rate of b → sγ is
where the most dominant term in the matrix element M 2 is
and where C 0 is a three point integral as defined in Looptools [51] (see Appendix A for a more detailed calculation).
Using the experimental value of the branching ratio ofB → X s γ Br(B → X s γ) = (3.55 ± 0.24 ± 0.09) × 10
we can put a bound on a ij 's such that |a [52], we obtain |a • τ → µγ, τ → eγ, µ → eγ induced by Higgs FCNC couplings
The same operators will contribute to lepton FCNC decays. The experimental limits on these processes are [24] Br(τ → µγ) ≤ 4.4 × 10 −8 ,
The Higgs mediated diagrams with a heavy τ in the loop will yield limits on the a 
We also calculated the a 
Using the a l ij values in scenario (A) andȲ = 3 we calculated the branching ratios as Br(τ → µγ) = 1.4 × 10 −10 , Br(τ → eγ) = 6.7 × 10 −13 and Br(µ → eγ) = 6.2 × 10 −11 .
For scenario (B) (keepingȲ = 3) we have Br(τ → µγ) = 7.8 × 10 −12 , Br(τ → eγ) = 1.9 × 10 −16 and Br(µ → eγ) = 2.9 × 10 −13 . The predicted size of flavor ciolating τ decays lies just below experimental bounds, but the branching ratio for µ → eγ is above the experimental bounds in scenario (A), and therefore sets some bounds or pressure on our scenario. More stringent limits can be set when (expected) new experimental results become available.
• t → cγ induced by Higgs FCNC couplings
Using the formalism from b → sγ we can estimate the branching ratio for t → cγ. We obtain Br(t → cγ) = 1. [53] .
• Z → bb decay and Z → τ (due to three heavy quarks running in the loops instead of only the top quark), and since the Higgs is mainly produced through gluon fusion at hadron colliders, one expects roughly an enhancement in production cross section of ∼ O(9). Of course this enhancement must be carefully calculated as it is still sensitive to the relative mass between the Higgs and the heavy quarks. In any case the production cross section of this Higgs with four generations will allow the appearance of many more Higgs bosons than predicted by the minimal SM.
Therefore the SM Higgs bounds from Tevatron now become quite stringent, and even early LHC data allows exclusions in the parameter space [54, 55] . In particular it seems that a Higgs mass smaller than 200 GeV is already excluded by hadron collider bounds (assuming that no new decay channels exist for the Higgs). We will take 200 GeV as a lower bound for our Higgs scalar and study the possible decay channels that such a heavy Higgs could have.
The bands represent 50% likelihood for the branching ratio, as given in our numerical scan. neutrino pair) will all have branchings similar to the branching of h → tt, given that the masses of these fermions should typically be in the hundreds of GeV (except maybe the ν τ ).
That yields branching fractions at the 10% level, and this is confirmed in Figure 4 .
The new and very interesting result is the prediction of sizable branching fractions for exotic decays of the Higgs into fermion pairs of different flavor. In particular we observe that h → τ τ , h → bb and h → tt are among the most important new flavor violating channels, a fact not surprising since for heavier fermions one expects larger couplings to the
Higgs. An interesting remark for these new channels is that the threshold mass at which they become kinematically allowed is basically set by the mass of the heaviest fermion. This The production cross section at the LHC of a heavy Higgs of 200 − 400 GeV, in a scenario with fourth generation quarks is expected to be about 50 − 70 pb [24] . Since the new exotic decays have branching ratios at the percent level, one expects the cross section of these modes to be somewhere near 500 fb. This means that with 1 or 2 fb −1 of integrated luminosity at the LHC (early stages) one could have at least a few hundred of these events. Of course given the large production cross section, there would be no problem in quickly discovering the Higgs via the four lepton mode (
With the Higgs mass properly set, a complementary search for some of the new exotic channels should be much easier.
Of particular interest is the mode h → τ τ since it may actually compete as the main production mechanism for the fourth generation charged lepton. If m h < 2m τ , the decay into pairs of τ is forbidden and so the other possible production for heavy leptons is through s-channel processes involving electroweak bosons [56] and their KK partners [32] . The typical cross section for τ − ν τ production via s-channel W is 10 − 100 fb [56] , which means that the flavor violating production through s-channel on-shell Higgs of τ ± τ ∓ can be a few times larger than this. The subsequent decay of the τ ∓ → ν τ W ∓ , and then of In the first possibility, q stands for t if kinematically allowed, and for c or u. The partial width of these channels depend on the size of the CKM4 angles V tb , V cb and V ub which are typically constrained to be small [26] . A channel which could compete is b → b Z 0 , since in the RS scenario under study these flavor violating couplings appear at tree-level, in a similar fashion as in the Higgs sector [5, 44] .
Thus depending on the decay branching ratios of the b heavy quark (see next section) the
A careful study of these signals and their background is beyond the scope of this work, but we should mention that a clear prediction of our scenario is that the h − b − b coupling is highly asymmetric (see Eq. (37)) with a definite preference for
Thus one should also look for the angular correlations in the signals in order to search for this asymmetric property of the couplings (see refs. [57] for studies along these lines). 
These decays can have significant decay width, and branching ratios. By comparison, the other dominant two body decay modes are t → bW and b → tW , given by [59] 
by substituting the corresponding quarks in the two body decays. The flavor-changing couplings of quarks to the Z 0 boson allow FCNC quark decays via the process Q → qZ 0 .
The branching ratio is [44] 
with T 3 the third quark isospin component and with the flavor-changing couplings a u,d
L and a u,d
R as defined in given as in Eq. (52) . We define the total width to be the sum of the dominant two body-decays
Although the decays Q j → q i W , Q j → q i Z and Q j → q i h, i = 1, 2 should be subdominant due to CKM and Yukawa suppression, for completeness we include them in our numerical calculations and plots.
In Figure 5 we illustrate the branching ratios for the t quark for parameter space that the branchings should cover, we show the interval of couplings inside which 30% of all the generated points lie, such that 35% lie below that interval and 35% lie above. This procedure will define "bands" in the figures which should be understood as the generic region predicted by flavor anarchy, containing 30% of the random points (with 35% of the points lying above the band and 35% lying below).
We compare the dominant branching ratios for tree level decays: t → b W , t → t h and t → t Z 0 , and also the subdominant decays t → q W , t → q Z and t → q h with q = d, s and q = c, u. Compared to these tree-level decays, the branching of loop-induced processes such as Br(t → t γ) O(10 −7 ) are much smaller. In all three plots we observe the importance of the decay rate t → t h, which will generically dominate for a KK scale of 1.5 TeV and a moderate CKM4 entry V t b = 0.1. By increasing the KK scale or V t b , the branching of t → b W is enhanced, but we observe that the decay into Higgs and bottom remains well above the 20% branching in the worst case considered. In general one can see that the flavor violating decays of the t are significant for all parameter values chosen, and, as long as they are kinematically allowed, they clearly dominate over the intuitive channel t → b W . Of course, the effect depends on (R 2Ȳ 2 ) 2 and will decouple for a large enough increase of the KK scale R −1 . Therefore, which decay is dominant depends sensitively on the KK scale R −1 and also on the CKM mixing V t b . In particular, for R −1 = 1.5 TeV and V t b = 0.1 (a value favored in the fits of [26] ), the branching ratio for t → t h seems to be predicted to be dominant and about twice as large as the one for t → b W over the allowed parameter space. While for R −1 = 3 TeV and V t b = 0.1, the branching ratio for In all three plots, the flavor violating decay t → tZ 0 is subdominant, yet non-negligible either, with possible branchings ranging from about 1% to 10%. This channel becomes specially interesting when the decay into Higgs is kinematically forbidden, namely for t masses below the threshold m t + m h 370 GeV, but the decay into top and Z is open.
We also include the suppressed decays t → q i h, t → q i Z 0 and t → q j W, i, j = 1, 2.
The Z 0 decay width is sometimes too small and its branching ratio falls below 10 −3 , which is why it does not appear in the plot. We take a generic value for V t q j = 0.01 and include
from our scan. Thus the decay t → t h, if kinematically allowed, is a promising channel for observing t pair production as well as a novel Higgs pair production channel, in the subsequent decays of the heavy quarks.
It may even be possible to see simultaneously the two dominant decays 4 if the branching 4 One might also be able to observe the decays t → tZ 0 even if clearly subdominant over the parameter ratios happen to be of similar size, giving rise to interesting pair production processes and decays:
• pp → t t → tthh CKM decays are assumed). In that situation it may be possible to observe a mixture of events:
Of these, the events containing a Higgs would be the cleanest by far, since the Higgs itself should decay into W W or ZZ giving rise to events with many gauge bosons.
For a heavier b , it appears that two modes should dominate, namely the FCNC decays onto Higgs and the decays into a W and a top quark (due to our assumption of V tb being the largest of the CKM4 mixing angles involved). The possible mixed events could now be
All events would be easy to identify at the LHC and their relative importance would provide again valuable information on the model parameters of this scenario.
• Heavy lepton decays
Once the τ lepton is produced at a collider, its FCNC decay will proceed in the same manner as that of the b quark. As the mass bounds on new τ leptons and ν τ neutrinos are close, it may be that the decay τ → W ν τ is kinematically forbidden, and the decay of τ to lighter neutrinos (τ → W ν i , i = 1, 2, 3) depends on the specific model of neutrino masses and mixing and may be suppressed. Thus the FCNC decays τ → hτ , and τ → τ Z 0 could be the most dominant decays. Since we are assuming that m h + m τ < m τ , the production of τ should happen via s-channel W bosons and KK partners, and therefore would typically come with associated production of ν τ (if the mixing to lighter neutrinos is smaller).
The subsequent FCNC decays of τ should be easily disentangled at the LHC as we would obtain several possible processes with many leptons, such as pp → τ ν τ → τ hW l for the case of τ → τ h decays. The Higgs, being heavier than 200 GeV, should mainly decay into pairs of gauge bosons giving rise to final states of W W W lτ or ZZW lτ , i.e. three gauge bosons, one light lepton and a τ , a clean enough signal at hadron machine. These might give rise to same-sign dilepton events, trilepton events, and pushing it, to 6 leptons plus τ events, when every boson decays leptonically.
In the case of τ → τ Z 0 decays, one would similarly obtain processes like pp → τ ν τ → τ ZW l. Again one might observe same-sign dilepton events, trilepton events and when the all bosons decay leptonically one could obtain events with four leptons and a τ .
As in the previous section, a realistic analysis of these signals is beyond the scope of this work, however, it seems clear that it would not be hard to disentangle them, as the branching ratios are subdominant to τ → hτ , but nonetheless significant.
V. CONCLUSIONS AND OUTLOOK
In this work we analyzed the effects of Higgs flavor-violating couplings in the framework of warped extra dimensions on a fourth generation of quarks and leptons. In this model, the Higgs Yukawa couplings are misaligned with the fermion mass matrices, and this effects is even more pronounced in a model with a sequential fourth fermion family, due to cumulative effects in flavor space.
We presented both an analytical evaluation and a numerical estimate of the size of the Higgs FCNC couplings in models with flavor anarchy. The only requirement is that the threegenerations quark masses and mixing angles should be reproduced in the present scheme, while the fourth generations masses and mixings are allowed to be free, limited only by V CKM 4 unitarity. We briefly discussed the possibilities for the lepton sector, which is unfortunately complicated by the lack of a well-defined model of neutrino masses and mixings;
as well as revisited the FCNC couplings of the Z 0 boson with a fourth generation.
After setting up the model and evaluating the Yukawa couplings, we analyzed the new effects on low energy FCNC observables. At tree level, the new off-diagonal couplings affect 
VII. APPENDIX A -LOOP CALCULATIONS
We present in this appendix explicit results for some of the radiative corrections addressed in the main text.
• b → sγ
The amplitude of b → sγ decay is
(a 
whereB 0 andB 1 stand for two-point coefficient functions with different arguments than B 0 and B 1 . The arguments of the scalar and tensor-coefficient functions appearing in the three-point integrals are P 
The results are in good agreement with [60] in the limit m b → 0 and when the intermediate particle is the b rather than the b quark. g 
The arguments of the scalar and tensor-coefficient functions [61] appearing in the three-point and in the two-point integrals are P 3. In this calculation, even if some terms include phases, they contribute as the coefficient of either (C 1 − C 2 ), which is almost equal to zero, or B 0 which is negligible compared to the dominant terms. Thus, the phases in the Higgs Yukawa couplings a ij do not affect the final result.
• Z → τ + τ
−
The Higgs-mediated loop contribution to the width Γ(Z → l + l − ) with a heavy τ in the loop proceeds as Z → bb and induces a non-universal correction to the
However, the correction due to the FCNC in the loop is very small 
VIII. APPENDIX B -FERMION MASSES IN RS4
First let's define our notation. If A is an n × n matrix, then [A] ij represents its {ij} first order minor, i.e. the determinant of the (n − 1) × (n − 1) submatrix obtained by removing row i and column j to A. We will also use the notation [A] ij,αβ to represent the {ij, αβ} second order minor of A, i.e. the determinant of the (n − 2) × (n − 2) submatrix obtained by removing rows i and α, and columns j and β to the matrix A.
We can always write 
and to lowest order in ratios of f i 's we can write
